Colored dissolved organic matter (CDOM) absorbs a substantial fraction of photosynthetically active radiation (PAR) in boreal lakes. However, few studies have systematically estimated how this light absorption influences pelagic primary productivity. In this study, 75 boreal lakes spanning wide and orthogonal gradients in dissolved organic carbon (DOC) and total phosphorus (TP) were sampled during a synoptic survey. We measured absorption spectra of phytoplankton pigments, CDOM, and non-algal particles to quantify the vertical fate of photons in the PAR region. Area-specific rates of gross primary productivity (PP A ) were estimated using a bio-optical approach based on phytoplankton in vivo light absorption and the light-dependent quantum yield of photochemistry in PSII measured by a PAM fluorometer. Subsequently, we calculated the effects of CDOM, DOC, and TP concentration on PP A . CDOM absorbed the largest fraction of PAR in the majority of lakes (mean 56.3%, range 36.9-76.2%), phytoplankton pigments captured a comparatively minor fraction (mean 6.6%, range 2.2-28.2%). PP A estimates spanned from 45 to 993 mg C m -2 day -1 (median 286 mg C m
INTRODUCTION
The concentrations of dissolved organic carbon (DOC) in boreal lakes have increased over the past two decades in many regions (Skjelkvå le and others 2005; Evans and others 2006) . Reduced acid deposition (Monteith and others 2007) , increased temperature (Weyhenmeyer and Karlsson 2009 ), precipitation, and vegetation cover (Larsen and others 2011c) are all proposed as driving forces behind this trend. DOC is predicted to continue increasing also in the future because of higher export from catchments to lakes (Larsen and others 2011a) .
Colored dissolved organic matter (CDOM) is a controlling factor for light attenuation in boreal lakes (Kirk 2011) and is highly correlated with DOC concentration (Tranvik 1990 and this paper) . This is because the molecules constituting DOC have strong chromophoric properties (Leenheer and Croue 2003) . Notably, there is significant variation in specific DOC absorption [that is, m 2 (mg DOC) -1 ]. Some of this variation can be explained by iron, which recently has received increased attention in the context of lake browning (Weyhenmeyer and others 2014) . Due to the strong light-absorbing properties of CDOM, one might hypothesize primary productivity (PP) to be negatively related to CDOM in lakes because a large fraction of the photosynthetically active radiation (PAR) would be absorbed by compounds other than the photoautotrophs (Jones 1992; Williamson and Morris 1999) . In addition, the spectral absorption coefficients of CDOM increase exponentially toward shorter wavelengths of the PAR spectrum and eventually into the UV-region (Bricaud and others 1981) . The degree of shading by these compounds is therefore expected to be most important in the blue part of the PAR spectrum (400-500 nm); wavelengths that coincide with peak absorption for important photosynthetic pigments like chlorophylls and light-harvesting carotenoids (Kirk 1976 ). This makes it plausible that high concentrations of CDOM or DOC might constrain PP and enhance the net heterotrophy and high rate of CO 2 -emission from boreal lakes (Cole and others 2000; Larsen and others 2011b) .
Although the hypothesis of reduced productivity due to CDOM seems to hold true for benthic PP in shallow lakes (Karlsson and others 2009 ) and for pelagic PP in small lakes (Carpenter and others 1998) , clear evidence over large spatial scales is sparse. One reason for this is the difficulty of obtaining data from lakes where CDOM and other factors that control PP, such as total phosphorus (TP), vary independently. In this study, we present data on PP and light absorption properties from 75 large lakes explicitly chosen to span wide and orthogonal gradients in DOC and TP concentrations. Due to the large sample size and geographical range (12°longitude) it would have been impossible to carry out integrated PP measurements using the standard 14 C-method (Steemann-Nielsen 1952) . To overcome this challenge, we estimated areal PP (PP A ) using a bio-optical approach and estimated the net effects of CDOM, DOC, and TP on these estimates.
The bio-optical model is based on estimating the in vivo rate of light absorption by phytoplankton and subsequently electron transport rates (ETRs) through photosystem II (PSII) using information about the light-dependent quantum yield of photochemistry in PSII (Genty and others 1989) . The latter being measured using a pulse amplitude modulated (PAM) fluorometer. ETR can further be converted to a rate of gross carbon fixation by assuming an appropriate value for the quantum yield of CO 2 fixation (Kromkamp and Forster 2003; Suggett and others 2010) . Bio-optical approaches have gained increased interest over the last two decades because they offer a fast and inexpensive way of obtaining PP estimates, thus potentially increasing the temporal and spatial coverage of productivity studies in both marine and limnetic systems (Kromkamp and Forster 2003) . In addition, these measurements provide estimates of gross PP and circumvent some of the constraints associated with the standard 14 C-method such as bottle effects, uncertainty whether the method measures net or gross PP, and in the extrapolation of in situ incubations in depth and time (Peterson 1980; Wilhelm and others 2004) . There are, however, drawbacks to the method in that it actually measures ETR through PSII and therefore is most closely related to gross O 2 production (Lawrenz and others 2013) . CO 2 fixation is assumed to be proportional to ETR, and there are in fact several studies supporting this assumption for both microalgae (Gilbert and others 2000; Masojídek and others 2001; Kromkamp and others 2008) and higher plants (Genty and others 1989) . The slope of the C-fixation versus ETR relationship (mol CO 2 (mol electrons)
) is, however, variable and depends on environmental conditions and taxonomic composition (Suggett and others 2010; Lawrenz and others 2013) . This, of course, adds a layer of uncertainty to the absolute values of Cfixation, but should not introduce systematic errors along a gradient in, for example, DOC. Therefore, we believe that the method is suited for comparing effects of environmental variables such as DOC and TP on PP A .
MATERIALS AND METHODS

Selection of Lakes
We combined existing databases of Norwegian and Swedish lake monitoring data [REBECCA (Solheim and others 2008) and the Northern European lake survey (Henriksen and others 1998) ] to generate a subset of lakes satisfying the following criteria: latitude 57-64°N, altitude <600 m, surface area >1 km 2 , pH >5, TP <30 lg l -1 , and DOC DOC, Light, and Lake Productivity <30 mg l -1 . The selection was made to obtain a set of similarly large lakes that covered a wide and rather orthogonal span in TP and DOC along a narrow altitudinal and latitudinal range, avoiding acidic, eutrophic, and highly dystrophic localities. From this subset, we chose 77 lakes by stratified randomization to ensure best possible coverage and orthogonality with respect to concentrations of DOC and TP. We sampled the lakes using a hydroplane during July and August 2011. Two lakes had to be omitted from the original sample set due to instrumental failure, giving a final dataset of 75 lakes.
Sampling Program
Composite samples (15 l in total) from the surface to 5 m were taken with an integrating water sampler (Hydro-BIOS, Germany) in the central part of each lake during daytime. We measured vertical attenuation of scalar irradiance in the PAR region (400-700 nm, defined as E 0 hereafter) using a spherical irradiance sensor (BioSpherical instruments, San Diego, California, USA) attached to a 10-channel CTD profiler (XRX-620, RBR Ltd., Ottawa, ON, Canada). The sensor was deployed at approximately 20 cm s -1 with a sampling rate of 6 Hz. To avoid shading from the hydroplane, we always lowered the CTD at the side facing the sun. Vertical profiles of relative in vivo chlorophyll a fluorescence (Cyclops-7 fluorometer, Turner designs, Sunnyvale, California, USA) were recorded to assess vertical distribution of phytoplankton.
K d PAR and Daily Insolation
We corrected the vertical profiles of E 0 for temporal changes in irradiance (caused by, for example, wave action and cloud cover) by regressing logtransformed E 0 ðzÞ against depth for every ten sampling points. The median of these slopes was taken as the best estimate of the diffuse attenuation coefficient for downwelling PAR ðK d PARÞ.
For the PP calculations, we needed representative values of incoming solar irradiance at the lakes at the time of sampling. Consequently, we downloaded spatially resolved estimates of accumulated monthly irradiance in the PAR region (E PAR; 0 þ ð Þ ; mol photons m -2 month -1 from July 2011) from the STRÅ NG database (http://strang.smhi.se/). The data covered Norway and Sweden and irradiances were interpolated to the geographical coordinates of each lake. Mean daily irradiance (E PAR; 0 þ ð Þ ; mol photons m -2 day -1 ) was calculated from the accumulated monthly values. We then modeled the diurnal variation in E PAR; 0 þ ð Þ between sunrise and sunset using a sine function suggested by Kirk (2011) :
where t is the time (s) after sunrise. The day length (N) was calculated as function of latitude using general astronomical formulae. E max was calculated by multiplying mean daily PAR by p 2N , which is equivalent to solving the daily integral of E PAR; 0 þ ; t ð Þfor E max . After obtaining E PAR; 0 þ ; t ð Þ (that is, the surface irradiance at evenly spread time-points (t) throughout the day) we could reconstruct vertical irradiance profiles for the same time-points from each lake. Using lake specific K d PAR and incoming solar irradiance, we generated vertical profiles of E 0 ðt; zÞ as
where z is the depth (m). Reflection at the surface was not considered.
Absorption Measurements
For particulate absorbance measurements, we filtered 150-750 ml (depending on particle load) of the integrated water sample onto 25 mm Whatman GF/C glass fiber filters under low vacuum. Samples were kept in liquid nitrogen for 1 week and stored at -80°C prior to analysis. We measured the optical density of the particles (OD p ðkÞ) from 400 to 800 nm (1 nm resolution) using a slight variation of the quantitative filter technique (QFT) (Mitchell 1990) . Notably, our method differed from the QFT in two respects: we used GF/C-filters (1.2 lm pore size) instead of GF/F (0.7 lm), and sandwiched the water-saturated sample filter between two glass slides instead of mounting it on a glass slide. The sample was placed in the entrance of an integrating sphere (ISR 2200, Shimadzu scientific instruments, Columbia, Maryland, USA) attached to a double beam Shimadzu UV-2550 spectrophotometer. A water-saturated blank GF/C-filter was placed in the reference port. After the first measurement, we bleached the sample filter with sodium hypochlorite (Tassan and Ferrari 1995) . The bleaching oxidizes all pigments on the filter, also pigments that are not directly associated with phytoplankton. Organic and inorganic detritus, including de-pigmented algal remains, is left unbleached. We measured the optical density of this non-algal particulate matter (NAP), OD NAP ðkÞ, with a watersaturated GF/C-filter in the reference port. Absorption coefficients (m
) of total particulate matter (a p ðkÞ), and NAP (a NAP ðkÞ), were calculated according to Mitchell and others (2002) . We used the algorithm of Bricaud and Stramski (1990) to estimate the path-length amplification factor (b). Finally, we calculated the absorption coefficient spectra of phytoplankton pigments (a ph ðkÞ; m -1 ) as the difference between the total particulate and the NAP absorption coefficient spectra. The mean absorption coefficient for phytoplankton in the PAR region, a ph PAR ð Þ, was calculated as the average absorption coefficient between 400 and 700 nm. This was used in the calculation of PP A .
Samples for CDOM absorbance were stored in Nalgene 60 ml HDPE bottles (Thermo Scientific) at -20°C until analysis. We acknowledge that freezing can lead to reduced specific absorption, especially in high DOC samples (Fellman and others 2008) . Thus, absorbance might be slightly underestimated, with high DOC lakes being more affected than low DOC lakes. We filtered 20 ml lake water through a Acrodisc 0.2 lm polyethersulfone membrane syringe filter (Pall Life Sciences) and measured the optical density of the filtrate (OD CDOM ðkÞ) in a 50-mm glass cuvette from 400 to 750 nm in steps of 1 nm. In the reference cuvette we added Milli-Q water filtered through the same syringe filter. Absorption coefficient spectra of CDOM (a CDOM ðkÞ; m -1 ) were calculated according to Mitchell and others (2002) .
Water Chemistry
Concentrations of TP, DOC, and total nitrogen (TN) were measured both at the accredited lab at the Norwegian Institute for Water Research (NIVA) and at the University of Oslo (UiO). TP was measured on an auto-analyzer as phosphate after wet oxidation with peroxodisulfate in both laboratories. We calculated DOC as the difference between total organic carbon (TOC) and particulate organic carbon (POC). TOC was measured by infrared CO 2 detection after catalytic high temperature combustion (Shimadzu TOC-VWP analyzer (UiO) or Phoenix 8000 TOC-TC analyzer (NIVA)). POC was measured on an elemental analyzer (Flash EA 1112 NC, Thermo Fisher Scientific, Waltham, Massachusetts, USA) through rapid combustion of a pre-combusted GF/C filter with particulates in pure oxygen, where carbon was detected as CO 2 by gas-chromatography. TN was measured by detecting nitrogen monoxide by chemiluminescence using a TNM-1 unit attached to the Shimadzu TOC-VWP analyzer (UiO), or detection of nitrate after wet oxidation with peroxodisulfate in a segmented flow autoanalyzer (NIVA). Differences between laboratories were small for TOC and TN, but slightly higher for TP. Regressions of UiO versus NIVA measurements had the following statistics: TOC: R 2 = 0.99, residual standard error (RSE) = 0.25 mg l -1 ; TN: R 2 = 0.91, RSE = 81 lg l -1 ; TP: R 2 = 0.77, RSE = 2.27 lg l -1 , with no systematic differences between the labs. We averaged the results from both laboratories for the following analysis.
Total Fe was measured to assess its potential influence on the absorptive properties of CDOM. We used an inductively coupled plasma mass spectrometer (ICP-MS, PerkinElmer NexION 300, Norwalk, Connecticut, USA) equipped with three quadrupole mass analysers, a cyclonic spray chamber, and a concentric nebulizer. To evaluate analytical precision, three subsamples from each lake were measured and the distribution of CV values was inspected (1.quartile 0.93%, mean 1.45%, 3.quartile 1.74%).
PAM Measurements
A portable PAM fluorometer (AquaPen-C 100, Photon Systems Instruments, Czech Republic) with blue measuring light (centered at 455 nm) was used to measure the response of the quantum yield of photosynthetic electron transport in PSII to increasing irradiance (Ralph and Gademann 2005) . Before measurement, an unfiltered water sample was dark-adapted for about 1 h to ensure that all reaction centers were in an ''open'' state. Immediately after dark-adaptation, we ran a light curve protocol that exposed the sample to six different irradiances (10, 20, 50, 100, 300, and 500 lmol photons m -2 s -1 ). Each illumination step lasted for 60 s, and during each step the steady state fluorescence (F) was recorded. At the end of every illumination step, a saturating pulse (ca 3000 lmol photons m -2 s -1 ) was given to saturate all reaction centers. During the pulse, the maximum fluorescence in light (F 0 m ) was measured. Following Kromkamp and Forster (2003) , the quantum yield of photosynthetic electron transport in PSII,
. Specifically, this is the potential fraction of photons absorbed by PSII that produces a charge separation; with units of mol electrons (mol photons absorbed) -1 . Immediately after dark-adaptation (before any exposure to actinic light), the maximum quantum yield of electron transport in PSII is defined as
Here, F 0 is the fluorescence detected by the non-actinic measuring light and F m the dark-adapted maximum fluorescence.
We modeled the dependency of
on irradiance (E) with an exponential decay function: DOC, Light, and Lake Productivity
where E k is the ''onset of light saturation'' parameter (lmol photons m -2 s -1 ). After linearizing the function with a log-transformation, we fitted a linear mixed-effect model to the whole data set with 
Photon Budgets
Most light absorption in aquatic ecosystems can be attributed to four main components. These are phytoplankton pigments, CDOM (with associated inorganic compounds like Fe), NAP, and the water itself (Kirk 2011) . Under this assumption, we can write the total absorption coefficient spectrum of the lake water, a tot k ð Þ, as the sum of the component spectra:
Values for a w ðkÞ were taken from Morel and Prieur (1977) . Using a representative irradiance spectrum (Eð0; kÞ) for incoming sunlight we calculated the fraction of this solar irradiance absorbed by each component i (F i ) as 
where w(k) is average spectral distribution of surface irradiance
E 0; k ð Þ used here was obtained from the average of 75 hyper-spectral solar irradiance measurements (sensor: RAMSES-ACC-VIS, TriOS GmbH, Germany); one from the surface of each lake. For simplicity, we assumed an optically deep water column, that is, that Eð0; kÞ was completely absorbed.
Bio-optical Estimation of PP
Area-specific rates of gross primary productivity (PP A ) were estimated using a bio-optical approach (see Kromkamp and Forster 2003, pp. 107-108) . Bio-optical PP estimates are believed to correspond most closely to gross PP because they are directly linked to the rate at which electrons flow from water (where O 2 is produced) through PSII, to NADPH (Lawrenz and others 2013) .
First, we calculated the rate of light absorption by phytoplankton at time t and depth z (lmol photons m -3 s -1 ) as
where E 0 t; z ð Þ is the scalar irradiance (lmol photons m -2 s -1 ) at time-point t (s) and depth z (m). a ph PAR ð Þ is the average absorption coefficient for phytoplankton (m -1 ) between 400 and 700 nm. Further, we estimated ETR through PSII (ETR PSII ðt; zÞ; lmol e -m -3 s -1 ) by multiplying the rate of light absorption with the quantum yield of electron transport in PSII
, which depends on irradiance. It was additionally assumed that 50% of the photons are absorbed by PSII (Gilbert and others 2000) :
Finally, we predicted primary productivity (PPðt; zÞ; lmol C m -3 s -1
) by assuming appropriate values for the number of charge separations in PSII per O 2 produced (/ e ) and the number of CO 2 fixed per O 2 produced (the photosynthetic quotient, PQ):
Empirical data on / e , estimated as the ratio of PAM-based ETR to O 2 evolution rate, typically range between 4 and 10 (Suggett and others 2010). Although the theoretical minimum value for / e is 4 (Emerson 1958) , here we applied a value of 5 (Kromkamp and others 2008) , which is also the empirical minimum (Ley and Mauzerall 1982) . Also, we assumed a photosynthetic quotient of 0.9 CO 2 fixed per O 2 produced (Williams and Robertson 1991) .
We calculated the area-specific PP at all timepoints t (PP A t ð Þ; lmol C m -2 s -1 ) by integrating PPðt; zÞ from the surface to a depth of 5 m, which is where the integrated water samples were taken from. Also, the phytoplankton showed a reasonably homogenous distribution in this layer as judged from the in vivo fluorescence profiles (data not shown). Finally, we found PP A (mg C m -2 day -1 ) by integrating PP A t ð Þ over the day, and converting from lmol C to mg C.
We calculated the effects of TP, CDOM, and DOC concentration on the PP A estimates using multiple regressions. To correct for the latitude-dependent variation in insolation, we used PP A /PAR (with PAR being the daily average incoming solar irradiance) as a response variable instead of PP A directly.
RESULTS
Water Chemistry
Both DOC and TP spanned wide gradients. DOC concentration ranged from 0.25 to 12.3 mg l -1 and TP from 0.5 to 27.5 lg l -1 (Table 1 ). The variables were correlated (P < 0.001, R 2 = 0.32 with both variables log-transformed), but exhibited considerable variability, indicating that reasonably orthogonal gradients were captured ( Figure 1A ). TN and TP showed a positive relationship (P < 0.001, R 2 = 0.22 with both variables logtransformed). In all lakes, TN:TP were well above Redfield proportions (7.2:1 on weight basis; Figure 1B; Table 1), which is often taken as an indication of the transition from N to P limitation. Fe was strongly correlated with DOC ( Figure 1C ; P < 0.001, R 2 = 0.65 with Fe log-transformed).
CDOM, DOC Concentration, and Light Absorption
CDOM, expressed as the absorption coefficient of the dissolved fraction at 400 nm ða CDOM ð400ÞÞ, was strongly related to DOC concentration ( Figure 2A ; Table 2 ). Modeling CDOM as a function of Fe yielded a similar positive relationship ( Figure 2B ). Actually, the R 2 values for the two simple linear regressions were exactly similar (Table 2) . Including both Fe and DOC as predictors of CDOM increased R 2 to 0.85 (Table 2) , suggesting an additive chromophoric effect of Fe on DOC.
DOC and Fe were both positively related to K d PAR (Figure 2C, D) . Together with TP, DOC explained 67% of the variation in this variable (Table 2) . Substituting DOC with Fe in the regression model, the explained variance increased to 82% (Table 2 ). This indicates an important contribution of iron to the total in situ attenuation of PAR.
Fractional PAR Absorbance
Total absorption spectra (the sum of the four component spectra) and contributions from the four main absorbing components differed strongly between lakes with different levels of DOC and TP. This is exemplified with a clear oligotrophic, a eutrophic, and a humic lake (Figure 3) . Notably, CDOM was by far the dominant absorber of photosynthetic active irradiance in all lakes (Figure 4) . The component captured on average 57.3% of the available photons, with fractions ranging from 36.9 to 76.2%. Absorption by CDOM was most important in the blue part of the spectrum (400-550 nm), where it captured the vast majority of photons ( Figure 5 ). The mean fraction of irradiance absorbed by phytoplankton pigments was 6.6%, with a range from 2.2 to 28.2%. The proportion was positively related to TP, reflecting phytoplankton biomass, and negatively to DOC, reflecting the strong shading imposed by CDOM (Table 2) . Across the PAR spectrum, the relative contribution of phytoplankton to the total absorption coefficient peaked at 675 nm ( Figure 5 ), where chlorophyll a has its red absorption peak in vivo. The blue absorption peak disappears almost completely when looking at the absorption coefficient relative to the other components because CDOM absorbs so strongly in this part of the spectrum. The mean fraction absorbed by NAP was 7.2% (range 1.6-20.7%), and the water itself 29.5% (range 15.7-48.1%).
PP and the Effects of CDOM, DOC, and TP
The bio-optical estimates of PP A spanned from 48 to 993 mg C m -2 day -1 with a median of 286 mg C m -2 day -1 (Figure 6 ). Both CDOM and TP were highly significant predictors for PP A in a multiple regression (Table 3 , model A). Notably, the variables came out with opposite signs and similar effect sizes. We found a positive effect of TP on PP A which, given the generally high TN:TP ratios, should be indicative of P-limitation. The Table 3 ) can be interpreted as follows. A doubling of TP while keeping CDOM constant would give a 34% increase in PP A /PAR (2 0:42 À 1 ¼ 0:34). The significant negative regression coefficient for log(CDOM) (-0.55; see Table 3) indicates that a doubling of CDOM, while keeping TP constant, should lead to a 32% decrease in PP A / PAR (1 À ð2 À0:55 Þ ¼ 0:32). R 2 for the model was 0.32. We also ran the regression using DOC concentration and TP as predictors. In general, this yielded very similar results (Table 3 , model B), albeit slightly higher explained variance (R 2 = 0.4 vs. R 2 = 0.32). Following the same rationale for interpreting the model coefficients, a doubling of TP would lead to a 39% increase in PP A /PAR according to this model, whereas a doubling of DOC would cause a 38% decrease. Interestingly, including Fe as a third predictor in the regressions did not significantly increase the explained variation in PP A /PAR, despite its chromophoric effects on CDOM.
DISCUSSION
Both the fraction of irradiance absorbed by the different components (Figure 4 ) and the spectral decomposition of total absorbance spectra (Figure 5) revealed that in these boreal lakes, phytoplankton pigments are of relatively minor importance for the fate of photons. This can be attributed to low phytoplankton biomass per se, but even more to absorption by other chromophoric compounds, notably CDOM (compare Jones 1992). In the vast majority of the lakes, CDOM captured the largest fraction of photons in the PAR region.
Our results clearly illustrate the contrasting effects of nutrients (TP) and CDOM or DOC on PP A (Table 3) . Even though PP A is a snapshot measurement based on the optical and biological conditions at the time of sampling, it also accounts for effects of nutrients. The positive effect of TP reflects the generally P-limited state of these lakes (Figure 1B ; Table 1 ). Specifically, TP influences the PP A estimates by affecting two terms in the bio-optical model. First, phytoplankton biomass increases with TP. The phytoplankton absorption coefficient roughly follows the biomass (ignoring package effects), resulting in a higher rate of light absorption, higher ETR, and higher PP. Second, the quantum yield of PSII likely also reflects nutrient conditions and is reduced under nutrient limitation (Kolber and others 1988) ; especially nutrient starvation (Parkhill and others 2001) .
The negative CDOM or DOC effect is most likely explained by shading (Carpenter and others 1998; Karlsson and others 2009) . High CDOM or DOC results in reduced light availability (the E 0 term in the bio-optical model); also supported by the positive relationship between DOC and the two attenuation coefficients K d PAR and a CDOM ð400Þ (Figure 2A, C) . Arguably, the depth of the euphotic ). The upper dotted line indicates the Redfield ratio of P:C (1:41 on weight basis). All lakes had P:C ratios substantially below this value, indicating high input of C from allochthonous sources. The lower dotted line has a slope equal to the lowest P:C ratio observed among the lakes (0.18 lg TP:mg DOC; see ''Discussion'' section). B The relationship between TN (mg l -1 ) and TP (lg l -1 ). The dotted line represents the Redfield ratio of N:P (7.2:1 on weigh basis). All lakes were above this ratio, indicating P-limitation. C The relationship between Fe (lg l -1 ) and DOC (mg l -1 ). Notice both axes log-transformed in B and y-axis log-transformed in C.
zone will decrease with increased CDOM given a constant phytoplankton concentration. This lowers the vertical extent of positive primary production and necessarily also its depth integral, the areaspecific productivity. Because DOC constitutes a major fraction of CDOM in these lakes (Figure 2 ; Table 2 ), as for boreal lakes in general (Tranvik 1990; Pace and Cole 2002) , DOC displays a similar negative effect.
The CDOM quantity ða CDOM ð400ÞÞ incorporates the absorption by DOC, but also the absorption by inorganic constituents such as iron (Vä hä talo 2009). In fact, increased iron concentrations have been proposed as an important factor in the browning of boreal lakes (Sarkkola and others 2013) . The scatter in the plot of a CDOM ð400Þ versus DOC (Figure 2A) indicates a significant variation in specific DOC absorption among lakes. Including both DOC and Fe as predictors of a CDOM ð400Þ, we observed a higher R 2 than each of the predictors in separate simple linear regressions (Table 2 ). This indicates that some of the variation in specific DOC absorption is explained by Fe, as recently found for Swedish and Canadian lakes (Weyhenmeyer and others 2014) . Because DOC and Fe are so closely correlated ( Figure 1C) it is, however, difficult to estimate the relative contribution of each of them to the CDOM component. Importantly, DOC and Fe concentrations are not independent because ionic Fe has low solubility under oxic conditions , and DOC mg l -1 . Perc.pigm is the fraction of irradiance absorbed by phytoplankton pigments. Signif. codes: ** P < 0.0001, * P < 0.05.
unless being complexed by DOC (Maranger and Pullin 2003) . This implies that high Fe concentrations must be associated with high DOC concentrations in lakes, although not necessarily vice versa. The fact that we found no additive negative effect of Fe on PP A was surprising, considering the effect of Fe on light absorption. Because CDOM and DOC are so closely correlated with Fe, the negative ), B Lake Bergsvannet (eutrophic; SD 1.05 m, TP 17.85 lg l -1 , DOC 3.7 mg l -1 ), C Lake Rokosjøen (humic and mesotrophic; SD 1.8 m, TP 8.25 lg l -1 , DOC 11.12 mg l -1 ). effect of CDOM or DOC possibly accounts for most of the Fe effect so that little residual variation can be explained by including Fe. Furthermore, Fe may stimulate PP in low DOC-lakes in the same region (Vrede and Tranvik 2006) . Whether this may cancel out the light-absorptive effects remains unsettled, but is worth pursuing.
The absolute values of PP A (mg C m -2 day -1 ) should be interpreted with some caution due to the assumptions about a constant / e and PQ underlying the conversion from ETR to carbon fixation (Suggett and others 2010) . These parameters might vary with environmental conditions and phytoplankton taxonomic composition (Lawrenz and others 2013) , but the values chosen here (/ e = 5, PQ = 0.9) are close to the maximum observed ''efficiencies'' (Ley and Mauzerall 1982; Williams and Robertson 1991) . Hence, they should provide a reasonable upper bound of productivity given the nutrient and light conditions at the time of sampling. Our estimates match empirical estimates of gross PP A from boreal lakes (Dokulil and Kaiblinger 2009) , and uncertainty in / e and PQ should not introduce systematic errors across the gradients that we study (that is, DOC and TP). Moreover, Kromkamp and others (2008) found a linear relationship between rates of photosynthesis (mmol C (mg chl a)
-1 h -1 ) estimated by a corresponding bio-optical method and rates of photosynthesis measured by the 14 C-method, with the bio-optical rate estimates being systematically slightly higher.
DOC-Mediated Climate Change Effects on PP
Increased catchment vegetation cover, driven by upward trends in temperature and precipitation, leads to higher carbon export from catchments to lakes. Consequently, the concentration of DOC in most boreal lakes is predicted to increase under a moderate climate change scenario (Larsen and others 2011a) . Being highly colored, this allochthonous DOC would lead to higher levels of CDOM, possibly also in conjunction with iron (Kritzberg and Ekströ m 2012) . Increased CDOM would lead to higher light attenuation, and likely also lower PP A .
Larsen and others (2011c) predicted TOC concentrations in 22,000 boreal lakes from catchment data under current conditions, as well as projecting the model for an IPCC B2 climate scenario (http:// www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf). Using the raw data from this study we computed the distribution of relative increases in DOC, assuming DOC ¼ 0:95 Â TOC. Applying the regression model (Table 3 , model B), the predicted median DOC increase (27%) would translate into a 15% reduction of PP A (1 À ð1:27 À0:7 Þ ¼ 0:15) when keeping TP concentration constant. The third quartile of the distribution was 86%. This suggests at least a 35% (1 À ð1:86 À0:7 Þ ¼ 0:35) decrease in PP A in the 25% of the lakes experiencing the highest relative DOC increase.
Note that a few important mechanisms might counteract the negative effect of DOC on PP A. First, export of DOC and TP is correlated in boreal lakes (Dillon and Molot 1997) ; a trend also observed in our lakes ( Figure 1) . P bound to dissolved organic matter might stimulate PP if it becomes bio-available (Vä hä talo and others 2003). As a rough estimate of the input of P associated with DOC, we calculated the minimum ratio of TP:DOC (lg:mg) from the lake data. The solid line in Figure 1 has a slope equal to this ratio (0.18). Specifically, this indicates that TP would increase with approximately 0.18 lg l -1 per mg l -1 increase in DOC. Because the effect sizes of DOC and TP were very similar in the regression for PP A (doubling of DOC gave 38% reduction in PP A , doubling of TP gave 39% increase in PP A ), the net effect of an increase in DOC would still be reduced PP A . However, the magnitude of this effect would depend on the absolute increase in DOC and the background concentration of TP. For example, if DOC doubles from 2 to 4 mg l -1 , the negative effect on PP A would be stronger in a lake with 10 lg TP l -1 than a lake with 2 lg TP l -1 . This is because the relative increase in TP would be higher in the latter. If DOC doubles from, for example 8-16 mg l -1 (a higher absolute increase), the negative effect on PP A would be less due to the counteracting effects of TP.
It has been suggested that volumetric rates of PP are enhanced by increased CO 2 in boreal, nutrientpoor lakes (Jansson and others 2012) . Because pCO 2 generally is tightly linked with DOC (Jonsson and others 2003; Larsen and others 2011b) , this could imply an indirect positive effect of DOC on PP. Note, however, that the Jansson and others study measured an increase in volumetric PP under light-saturated conditions. This is a very different quantity than the area-specific PP because it does not account for the attenuation of light with depth.
To conclude, our study shows negative effects of CDOM and DOC concentration on PP A , likely explained by shading which leads to reduced euphotic depth and faster attenuation of blue light in the water column. In a future scenario of increased DOC concentrations, this might impose negative effects on PP A in boreal lakes with consequences for higher trophic levels. We believe that Note that PP A /PAR (where PAR is the daily average solar irradiance hitting the lake) was used as a response variable instead of PP A directly. This was done to correct the PP A estimates for the difference in incoming solar irradiance, which depends on latitude. CDOM is defined as a CDOM ð400Þ, with units m -1 . Signif. codes: **P < 0.0001. the wide gradients in DOC and TP in our study further strengthen this conclusion.
